Shortage of donor liver tissue for the isolation of hepatocytes requires the development of improved cryopreservation techniques for long-term storage of these cells for more efficient use. The aim of this study is to compare two cryoprotectants for preserving living cells in culture by vitrification. The viability of hepatocytes after cryopreservation was determined by the intracellular concentration of potassium (K + ) and lactate dehydrogenase (LDH). Cryomicroscopy was used to check the state of vitrification and morphology of these cells subjected to the process of freezing and thawing. This experiment made it possible to observe an early vitrification with 40% of Ethylene glycol (EG) or 1,2-propanedio (1, 2-PD) to reach the final vitrified state with 60%. The treatment of these cells in culture with solutions containing EG or 1, 2-PD revealed a failure in functional properties of the plasma membrane. Thus, a decrease of intracellular concentration of LDH and K + was noticeable. This decrease was more significant when it came with 60% EG or 1, 2 -PD. The use of a cryopreservation solution additionally containing NaCl, KCl, Ca 2+ and sucrose and the treatment of hepatocytes in culture at +4°C greatly minimized the functional impairment of the plasma membrane. These results suggest that the osmo-diffusional mechanism is at the basis of membrane damage letting out LDH and K + into the extracellular compartment. However, this mechanism can be controlled by a selection of treatment solution parameters such as temperature, osmolarity and electrolytes concentration while taking the cryoprotectants coefficient of permeability into consideration.
INTRODUCTION
At present penetrating cryoprotectants (intracellular) glycerol, dimethyl sulphoxide, ethylene glycol and 1, 2-propanediol and non-penetrating cryoprotectants Abbreviations: EG, Ethylene glycol; 1, 2-PD, 1,2-propanediol; K + , potassium; LDH, lactate dehydrogenase; NaCl, sodium chloride; KCl, potassium chloride; Ca 2+ , calcium.
(extracellular) polyglycol, polyvinyl pyrrolidine and dextran are used. All cryoprotectants when used in concentrations adequate to vitrify have some toxicity (as measured by their negative effect on cell survival and function) particularly when they are used at the high concentrations (of more than 20%). The damage is the result of their toxicity and their high osmotic activity. However, a partial damage (5 to 20%) could significantly limit the use of biological material for biomedical research. For best preservation it is necessary not only to eliminate ice formation by using cryoprotectants, but to eliminate toxicity from cryoprotectants (Wusteman et al., 2002; Fuller et al., 2004; Pegg, 2007; Lawson et al., 2011) . Long term culture of primary rat hepatocytes is a widely used experimental model to estimate drug metabolism and toxicity. However, standard monolayer culture of primary hepatocytes on tissue culture dish -either uncoated or coated with a biological material such as collagen, fibronectin and laminin -is problematic. Although animal experiments and human clinical trials for drug metabolism studies are available, these models are expensive and ethically controversial. However, in vitro investigation of the metabolic profile of a drug is more economical, easier to carry out, and less controversial. Therefore, toxicology studies using isolated hepatocytes are recognized as among of the most relevant and practical models (Berry et al., 1992; Hewitt et al., 2007; Brophy et al., 2009 Brophy et al., , 2010 Bierwolf et al., 2011) .
In view of cryopreservation of the liver, which appears as a complex structure, any partial injury necessarily involves a dysfunction of this organ in general (Volk et al., 2006; Gerlach et al., 1997; Valdes et al., 1990; Fahy et al., 1990; Armitage, 1988) . The study of the origin of the cellular damage in each stage of cryopreservation would determine the best methods of long-term preservation of hepatocytes in suspension and culture. Similarly, it would be possible to improve the methods of cryopreservation of the liver.
This approach makes it possible to understand the adaptative mechanisms of biological systems at critical temperatures and osmotic conditions. To achieve these goals, it has been found useful to use high concentrations (up to 60%) of EG or 1, 2-DP penetrating cryoprotectants to prevent cellular damage from the formation of ice crystals and to allow vitrification for cryopreservation.
MATERIALS AND METHODS

Perfusion methods and hepatocytes culture
Perfusions for obtaining hepatocytes were made between 8 and 10 am on ninety ad libitum Wistar strain rats of either sex with weights ranging from 180 to 200 g. A two-stage perfusion method was used. This is an improvement from Seglen (1976), Naik et al., (1996) , LeCluyse et al. (2005) and Fiegel et al. (2006) .
The liver was first perfused via the portal vein with Ca 2+ free (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (pH 7. 65) at +37°C for 25 min The composition of the solution was as follows: 160.8 mM NaCl, 3.15 mM KCl, 0.7 mM NaHPO412H2O, 2.05 mM EDTA, 0.33 mM HEPES. The second stage of the infusion was made using the same solution in the presence of 0.025% collagenase and 0.075 mM CaCl2 for 15 min.
At the end of this two-step perfusion, the liver was slightly crushed in the HEPES buffer. Using the Percoll centrifugation, hepatocytes were purified and suspended in the Dulbecco Modified Eagle Medium (DMEM) (GIBCO, Gaithersburg MD USA) at a concentration of 106 cells/ml. After a methylene blue test, the viability of hepatocytes was 90 ± 5%. DMEM in the presence of 8% (v/v) fetal calf serum (FCS) and antibiotics (100 units/ml penicillin, 100 µg/ml streptomycin and 5 µg/ml gentamicin) used to new surroundings suspension before being transferred to Petri dishes, 60 mm in diameter, previously coated with collagen. The culture was carried out for 2 h of incubation at 37°C with humidity CO2/Air 1:19. Then the culture medium was replaced by Hank's Balanced Salt Solution (HBSS). Culture of hepatocytes thus obtained is used in the series of planned experiments. An identical culture of hepatocytes was performed on coverslips for experimental cryomicroscopy.
Preparation of cryoprotectant solutions
Cryoprotectant solutions used contain different concentrations of NaCl: A (75 mM), B (150 mM), C (450 mM), in 5 mM phosphate buffer (pH 7.4) but the solution of S cryoprotectant contains 150 mM NaCl, 5 mM phosphate buffer, 150 mM KCl, 0.6 mM CaCl2 and 5% sucrose (pH 7.4). The cryoprotectants are directly added as per the volume concentration just before experiments. Treatments of cell cultures to different solutions of cryoprotectants are made by levels of concentration 10, 20, 40 and 60% with an exposure time of 10 min at +20 or +4°C.
Freezing and thawing method
The freezing was achieved using a programmable cooling YOP-6 unit to cool the cells at 10°C per min to -100°C (Simione, 1998) . Thawing took place in a water bath at +42°C.
Biological material production method
The biological material was obtained by proper destruction of hepatocytes in culture by cell lysis (Xia, 2005) . Total destruction is obtained by adding 5 ml of bidistillat in boxes of dishes, used for culture at +20°C for 3 h. In this way the intracellular substances are dissolved and thus constitute the biological material to be used to determine levels of LDH and K + . The volume of dissolution bidistillat (5 ml), dissolution time 3 h and dissolution temperature (+20°C) are strictly respected in these experiments.
Determining the LDH concentration method
100 mM Tris/HCl (pH 8.8), 65 mM lactate (pH 7.4) and 7 mg/ml NAD solution used to determine the concentration of LDH. This was determined by sequential addition of 2 ml of Tris/HCl, 40 μl in the spectrophotometer cell to determine the control and 500 μl of biological material, thereby determining the concentration of intracellular LDH. The concentration of LDH was determined by spectrophotometer MPF-2A (Hitachi, Japan) at wavelengths of excitation and emission respectively of 340 and 460 nm (Meyer, 2010) .
Determining the K + concentration method
The biological material obtained by proper destruction of hepatocytes in culture is directly used to determine the K + concentration (Graf et al., 1988; Dickman and Goldstein, 1990; Penney, 2008) . This concentration is determined using a spectrophotometer MPF-2A (Hitachi, Japan) at wavelengths of excitation and emission respectively of 450 and 600 nm. The experimental protocol was the same used for LDH determination.
Statistics
The 
RESULTS
The obtained results suggested that treatment of hepatocytes to solutions of EG or 1, 2-PD led to a decrease of intracellular concentration of LDH and K+. This decrease was observed independently of temperature and concentration of NaCl initially present in the treatment solution. The maximum of this decrease was achieved at 60% EG or 60% 1, 2-PD. Analysis of viability showed that treatment of hepatocytes in culture with solutions containing 60% cryoprotectant and 150 mM NaCl had a greater retention of intracellular LDH and K+ compared to 75 and 450 Mn NaCl (Figures 1 and 2) .
However, cryomicroscopic investigations showed a intracellular concentration of LDH and K+ to 25 to 35% higher level according to the cases (Figures 4 and 5) . In these conditions, cryomicroscopy investigations showed a beginning of vesiculation to be observed only after 6 days for 60% solution of 1, 2-PD and 5 days for 60% solution of EG following hypothermic preservation (0 to 4°C) (Figure 3 ).
DISCUSSION
A comparison of two cryoprotectants shows that the solution of 1, 2-PD provides better conservation of intracellular concentration of LDH and K + compared to EG (Figures 1 and 2 ). This fact can be explained by the physicochemical properties of these two cryoprotectants, namely their toxicity and their coefficient of permeability. This is justified not only by the difference in intracellular concentration of LDH and K + after treatment but also by the different time of onset of vesicles using the same concentration of cryoprotectant (60%) at 20°C after 30 min for EG and 45 min for 1, 2-PD, at 4°C after 60 to 65 min for EG and 90 min for 1, 2-PD (Figures 3) .
These results suggest that the interaction of these cells having complex metabolic functions with high concentrations of penetrating cryoprotectants EG or 1, 2-PD is the cause of the disturbance of diffusion properties of these cells plasma membranes and, therefore, the progressive loss of intracellular substances such as LDH and K + (Innes et al., 1992; Crenesse et al., 1994) . A reduction in cell volume may cause folds of the plasma membrane so that the vesicles thus formed will be separated from the cell just as in a bud. Such an irreversible loss of membrane portions constitutes a stress.
Previous studies by Armitage et al. (1988 ), Innes et al. (1992 , and Hamilton et al. (2001) showed that the distribution coefficient Q of the cryoprotectant solution, on both sides of the plasma membrane under these conditions tends to 1. This fact is surely related to the phase homogeneity which can allow better conditions for vitrification.
The vitrifying properties of cryoprotectants depend on hepatocytes in culture initial conditions of treatment and on cryoprotectants physicochemical characteristics (Meng, 2003; Son et al., 2004) . A variation in the amount Figure 5 . Effects of incubation temperature and quality of cryoprotectants on intracellular LDH concentration: B (150 mМ NaCl in 5 mM buffer-phosphate) and S (150 mМ NaCl, 150 mМ KCl, 0.6 mМ CaCl2, 5% sucrоse).
of unfrozen water in conditions of variation of the cryoprotectants concentration in the treatment solution requires a variation in the cell water balance. Therefore, there is a variation of the hepatocytes volume and morphological characteristics.
A variation of processing conditions in order to lower toxicity, including preparation of processing solutions in conditions of hypothermia should enhance the vitality of hepatocytes.
To improve these results, we thought it necessary to add KCl in order to prevent the increasing loss of K + , Ca 2+ for maintaining cellular homeostasis and finally sucrose for its osmostabilising properties (Kuleshova et al., 1999; Smith et al., 1991; Umeshita et al., 1988) . The size and extent of the cell volume variation observed under the effect of the concentration variation of treatment solutions depend on the osmotic pressure applied on the plasma membrane and on the permeability of this membrane (Figure 3 ). Osmotic stress can be reduced by processing in steps of 10, 20, 40 and 60% successively by maintaining cells for 10 min at each stage or by adding sucrose. However, the contracted form of hepatocytes in culture under the effect of sucrose does not constitute signs of damage (Glicklis et al., 2004) .
A comparison of the two parameters studied here (LDH and K + ) makes it possible to understand that intracellular concentration of K + is the most sensitive criterion enabling to determine the damage of the hepatocytes plasma membrane and to define cellular integrity compared successively to LDH and methylene blue (Figures 4 and 5) . The decrease in intracellular K + concentration and Na + /K + ratio begins well before the observation of the decreased concentration of LDH and before staining with methylene blue.
In the other hands, chicken hepatocytes in suspension obtained from different methods (some obtained from a perfusion, the others from an intracellular disintegration) showed different concentrations of K + (193 and 139 mM/mg) while they had exactly the same code with methylene blue (Fladmark et al., 1997) .
The decrease in intracellular K + concentration over several hours of treatment of hepatocytes with 40% EG or 1, 2-PD solution approximately, occurred while an invariable quantity of liver cells stained with methyl blue (6 to 8%) (Fuller and De Loecker, 1995; Fuller et al., 1982) .
Recently, it was shown that short-term storage of hepatocytes (up to 4 days) can be achieved by maintaining the cells in modified University of Wisconsin solution at 4°C (Kunieda et al., 2003; Spinelli et al., 2002) .
Cryopreservation of hepatocytes is essential for the emergency treatment of acute liver failure (Strom et al., 1997; Bilir et al., 2000; Soriano et al., 2001) . The ultimate goal of any improved cryopreservation protocol is to minimize sudden intracellular formation of ice crystals that could result in ultrastructural damage, and thus maintains cell viability, attachment, and metabolic activity on thawing (Wu et al., 1996; Tostões et al., 2011) .
The results achieved using high concentrations (up to 60%) of EG or 1, 2-PD penetrating cryoprotectants show that it is possible to prevent cellular damage from the formation of ice crystals and to allow vitrification for cryopreservation.
Storage time of cryopreserved hepatocytes at temperatures well below −100°C (for example, liquid nitrogen, and −140°C freezers) may play an important role in the quality of thawed cells.
These results reveal a progress made to date in cell isolation, short and long-term cryopreservation permitting preservation of viability and handling of hepatocytes. It will hopefully lead to a wider use of cellular therapies in liver diseases.
